Abstract. The purpose of this study was to conduct an entomological analysis, determination of feeding sources, and molecular identification of triatomines in five communities of the Istmo de Tehuantepec, Oaxaca. The only found species in two of five searched communities (San Mateo del Mar and Tehuantepec City) was Triatoma phyllosoma . Colonization indices were high in both communities. In San Mateo del Mar, the insects were found indoors and in Tehuantepec City in peridomestic areas. The Trypanosoma cruzi infection indices were 2.1% in San Mateo del Mar and 39.4% in Tehuantepec City. This difference could be related to the high numbers of triatomine feeding on hens in the former community. In contrast, in Tehuantepec, dogs were the principal triatomine feeding sources. All nymphs and adults that were genetically analyzed belonged to the species T. phyllosoma . Low levels of genetic variation were found between vectors from both communities.
INTRODUCTION
The blood-sucking insects of the subfamily Triatominae are vectors of Trypanosoma cruzi , the causal agent of Chagas disease, one of the most important vector-transmitted diseases in Latin America. 1 In Mexico, 33 species of triatomines have been reported 2, 3 and many of these species are endemic, 4, 5 including the species of the Phyllosoma complex: Triatoma bassolsae , Triatoma longipennis , Triatoma mazzottii , Triatoma mexicana , Triatoma pallidipennis , Triatoma phyllosoma , and Triatoma picturata . [6] [7] [8] These species have been considered of epidemiological importance because of their domestic habits and high levels of infection with T. cruzi . [9] [10] [11] [12] Triatomine classification is based on the morphological characteristics of adult specimens. However, this type of classification is complicated for closely related species because of the similarity of some of their characters. Recent studies using molecular markers have helped to solve this problem. For example, Martínez and others 8 reported that it is possible to identify each species of the Phyllosoma complex and to exclude Triatoma dimidiata from this complex using the sequences of internal transcribed spacer 2 (ITS-2) and cytochrome B (CytB). This finding is important because a high percentage of individuals collected are nymphs that cannot be classified because of morphological similarities between the species of the Phyllosoma complex and many are infected with T. cruzi . 9, 13, 14 Thus, the use of molecular markers to identify nymphs could be a useful tool. 15 It is also important to understand the entomological features of the T. cruzi transmission cycle in this southern Mexican area because several species of triatomine have been reported in the region. In particular, identifying feeding sources is a way to understand the relationship between insects and their hosts, especially humans and could contribute to our knowledge of natural hosts and their role in T. cruzi transmission. There have been several studies of host feeding in different ecotopes; for example, Triatoma infestans collected in Chuquisaca, Bolivia, were found to have fed on multiple peridomestic hosts including dogs, pigs, chickens, and guinea pigs. 16 Rhodnius pallescens collected from peridomestic palm trees had fed on opossums, whereas insects collected inside houses showed increased anthropophagy; however, no significant difference in the infection index was observed between the two habitats. 17 Belminus herreri was positive for only one feeding source, Blattidae. 18 In localities of Jalisco, Mexico, T. longipennis had different preferences depending on the habitat. For example, in Tepehuaje de Morelos, its blood meals were mainly from chicken, opossum, and pig, whereas in Los Guerreros, rats were the principal source. 19, 20 In Mexico, Chagas disease was first reported in the mid1940s in the State of Oaxaca. 21 In this state, eight species of triatomines have been reported. 22 One of the most important regions of the state is the Istmo de Tehuantepec, where autochthonous cases of dilated cardiomyopathy associated with T. cruzi infection have been diagnosed. 23 In this particular region of the state, the presence of three species of triatomines has been reported: T. dimidiata , T. mazzottii , and T. phyllosoma . 22 Of these, T. phyllosoma has been reported only in Oaxaca. 2, 6 Several years ago, this species was reported in 22 villages, presenting a low colonization index (0.3%) and a moderate level of T. cruzi infection (27.2%). 22 These villages are situated in the southern Zapotecan Sierra east of the Istmo de Tehuantepec. Given their endemic distribution, infection with T. cruzi rate and near contact with the human population T. phyllosoma could be considered the most important vector in Chagas disease transmission in the southern part of the state. Nevertheless, little information is available about entomological patterns in infested villages, feeding sources, habitats, and seasonal variation. These data are important because they will contribute to a better understanding of the vector and to the control of Chagas disease transmission in this part of southern Mexico.
To contribute to our understanding of the species T. phyllosoma in the state of Oaxaca, we assessed entomological indices, distribution, feeding sources, and indoor and outdoor ecotopes associated with the vector in five communities in the Istmo de Tehuantepec. We also conducted a molecular identification of nymphs and adults using the molecular markers ITS-2 and CytB. Figure 1 ). The average annual temperature ranges from 24 to 36°C and the average annual precipitation is 3,960 mm. With the exception of Tehuantepec City (urban area), the study areas were considered rural communities ( http://www.inegi .gov.mx ).
MATERIALS AND METHODS

Study
Triatomine collection. Collections were performed in the following periods: January-April (before the rains) and September-December (after the rains). The houses examined were selected randomly in each locality and the local authorities were informed of the purpose of the study. Collections were conducted using the man/hour method 24 in domestic (on walls, beds, and floors) and peridomestic (the surrounding areas of the houses that included henhouses, wood piles, and stone walls) areas. Insect searches were done manually using flashlights. The same man/hour effort (70 hours) was done in each community in the different collect periods. Collected insects were placed in separate labeled plastic flasks containing folded cardboard sheets and transported to the laboratory for morphological and genetic identification.
Entomological indices. Each insect was evaluated for sex and developmental stage. Four entomological indices were calculated according to World Health Organization (WHO) 25 guidelines: infestation index (houses positive for triatomine/number of houses examined × 100); colonization index (houses with triatomine nymphs/number of houses positive for triatomine × 100); crowding index (triatomine captured/number of houses positive for triatomine × 100); and natural infection index (triatomine positive for T. cruzi / number of triatomine examined × 100). For the infestation and colonization indices the vectors of the peridomestic area, such as the surrounding areas of houses, where the inhabitants stay for a long period of time during the day and frequently sleep during the night, were also considered as has been reported in other regions of Mexico. 14, 26 For the infection index, feces were obtained from each insect by abdominal pressure and diluted in phosphate buffered saline. The presence of T. cruzi was determined by direct microscopic observation at 400× magnification.
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Antibody production. Guinea pig antibodies against serum proteins from rat, mouse, rabbit, opossum, and human were produced in the laboratory for the identification of feeding sources. Briefly, animals were immunized three times at 15-day intervals with 200 μg of serum protein from the animals listed previously. A serum fraction depleted of bovine serum albumin by the Hitrap Blue System (Amersham Pharmacia Biotech, Sweden ) was used for the last two immunizations. 27 Immunizations were administered subcutaneously, the first with complete Freund's adjuvant and the last two with incomplete Freund's adjuvant. The presence of specific antibodies was determined by enzyme-linked immunosorbent assay (ELISA). Anti-bovine, anti-cat, anti-chicken, anti-dog, anti-goat, anti-horse, and anti-pig anti-sera were commercially purchased. Dilutions were determined by ELISA with homologous and heterologous sera: 1:500 for anti-rat, antimouse, anti-rabbit, anti-opossum, and anti-human; 1:20,000 for anti-chicken; 1:40,000 for anti-dog, and 1:60,000 for anti-bovine, anti-cat, anti-goat, anti-horse, and anti-pig. At these dilutions, maximal reactivity with homologous sera and minimal crossreactivity were observed.
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Feeding sources. The midgut of each triatomine was macerated with a sterile plastic stick in sterile phosphate buffered saline. After two centrifugations at 4°C (15,000 × g for 5 min), the supernatant was collected and the protein concentration was determined . Samples were then maintained at −20°C until use. To determine feeding sources, ELISAs were performed on each sample against 12 different antibodies. 28 For each sample, the highest value of absorption detected was considered positive and values below half this value were considered negative.
Morphological and molecular identification. Morphological identification of adult insects was performed according to Lent and Wygodzinsky. 6 Additionally, four adults and 10% of the collected nymphs were genetically identified. The insects were chosen arbitrarily from different community and collection periods . Briefly, DNA extraction was performed according to the phenol/chloroform technique 8, 30 using a leg of each insect. The prim ers used to amplify the ITS-2 and CytB sequences were reported previously. 8, 31 The polymerase chain reaction frag ment obtained was subcloned into the cloning vector pCR 2.1 (Invitrogen, Carlsbad, CA ) and sequenced using vector-specific primers (T7 promoter and M13 reverse). Refer to Martínez and others 8 for a detailed description of the methodology used. Sequencing was performed using an ABI prism sequencer (Applied Biosystem, Model 310, Faster City, CA ). The obtained sequences were deposited in Gen Bank (see Table 1 ).
Sequence analysis. Twenty-four sequences from San Mateo del Mar and Tehuantepec City were analyzed. Multiple alignments were performed with the CLUSTAL W program 32 and Modeltest version 3.7 33 was used to determine the appropriate model of molecular evolution. The Hasegawa-Kishino-Yano model with gamma distribution (HKY+G) 34 was used for both markers. Phylograms were created using Bayesian inference with MrBayes 3.1.2. 35 Analyses were run for 10,000,000 generations, with tree sampling every 1,000 generations. Trees with scores lower than those at stationary (burn-in) were discarded from the analysis. The remaining trees were used to build a consensus tree. TreeView was used to visualize trees. 36 The following CytB and ITS-2 sequences from GenBank were used to construct the trees: T. phyllosoma (AY859411, AJ286881); Triatoma picturata (AY859413, AY860404); T. pallidipennis (AY859419, AY860403); T. mazzottii (AY859421, AY860393); T. longipennis (AY859412, AY860398); T. mexicana (DQ118976; AM286728); T. bassolsae (AY859410, AY860402); Triatoma lecticu laria (AY859414, AY860407), and T. infestans (DQ118975, AY860388). In addition, a distance matrix was constructed using the Kimura-two parameter model with the program MEGA version 3.
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Statistics. A Mann-Whitney test was realized to compare the number of insects collected in all months between communities. Differences were considered to be significant when P < 0.05.
RESULTS
Field collections of triatomine. Triatomines were found in only two of the five communities investigated: Tehuantepec City and San Mateo del Mar. A total of 243 insects were collected, with the most abundant being fifth instars and adults. Even though the number of insects collected in both communities was different, this difference was not statistically significant ( P = 0.699).
All insects collected in the adult stage were morphologically identified as T. phyllosoma according to Lent and Wygodzinsky. 6 Triatomine habitats. The presence of triatomines was investigated in houses and peridomestic areas. In San Mateo del Mar, 60 dwellings were randomly selected; > 60% of these dwellings were built of palm leaves. Insects were found inside seven houses, specifically between the palm-leaf walls of the bedroom near the bed ( Figure 2A ) . Occasionally, insects were also found in henhouses in the peridomestic area of the same houses. The infested houses were located in a recent settlement in the northern part of the community. Ninety-two dwellings were analyzed in Tehuantepec City, where > 80% of the houses was built of concrete. In nine houses located in the outskirts of the city, insects were found outdoors in the peridomestic area. These triatomines were found in piles of stone and stone walls ( Figure 2B ) .
Entomological indices. Entomological indices were calculated for each community. The infestation indices were of 11.7% in San Mateo del Mar and 9.8% in Tehuantepec City. The colonization indices were 88.8% in San Mateo del Mar and 100% in Tehuantepec City. The crowding indices were 21.7% for San Mateo del Mar and 11.4% for Tehuantepec City. Feces of 137 bugs were microscopically examined. The T. cruzi prevalence was 39.4% for Tehuantepec City and 2.1% for San Mateo del Mar. In Tehuantepec City, high levels of infection with T. cruzi were observed in fifth-instar nymphs (62.5% of infected individuals), whereas in San Mateo del Mar no predominance in any instar stage was observed.
Feeding source. Seventy-five samples were analyzed and several different blood-feeding sources were detected in insects collected in both communities. A single feeding source was found in 49.8% of the samples from Tehuantepec City and 59.8% of the samples from San Mateo del Mar; of importance, the remaining samples contained blood proteins from two or more species. In Tehuantepec City, the principal feeding source was dog (36.6%), although samples containing blood from more than two different feeding sources were the second most abundant (30%). Interestingly, human blood was not found in the samples ( Figure 3A ). In San Mateo del Mar, chicken was the principal feeding source (28.8%), followed by human (15.5%), and blood from more than two different feeding sources (15.5%) ( Figure 3B ). Samples with more than one feeding source were found in both communities, cats and dogs were the more abundant feeding sources in Tehuantepec City ( Figure 3 ) . None of the samples tested were positive for horse, pig, mouse, or opossum. The distribution of feeding sources found in the samples was in accordance with the abundance of animals observed in the communities. Molecular identification. Twenty nymphs and four adults were analyzed ( Table 1 ) . Additionally, two T. phyllosoma individuals that had been collected in two communities near Tehuantepec City were also included in the study. For each individual, the sequences of ITS-2 and CytB were amplified. The size of the amplified ITS-2 fragment was 900 bp, whereas for CytB it was 330 bp. Each obtained sequence was compared with sequences found in GenBank. The sequences of the two markers had high percentages of identity (up to 98%) with T. phyllosoma sequences.
With the sequences obtained from the genetic analysis, a distance matrix was built using the Kimura 2-parameter model. The individuals from both communities presented small genetic distances. In the case of ITS-2, the distances were < 0.01. For CytB, the distances ranged from 0.02 to 0.2 (data not shown).
With the results obtained in Modeltest, a phylogenetic tree was constructed using the program MrBayes ( Figure 4 ) . Triatoma infestans was used as the outgroup. 8 In the tree obtained with the sequences of CytB, all of the samples analyzed were grouped within the T. phyllosoma clade. Inside this clade, it was possible to distinguish two principal groups. The first group included the majority of individuals analyzed and the T. phyllosoma sequences from the GenBank. The second group included the sequences SMMOAX37, SMMOAX112, TEHOAX25, and TEHOAX86, and two sequences from individuals from other communities in Oaxaca State (SCOAX1, from Salina Cruz and TLAOAX1, from Tlacolulita). In contrast, the ITS-2 tree showed a single clade that included the sequences of the majority of the individuals analyzed, as well as the T. phyllosoma and T. mazzottii sequences from GenBank. Only the individual TEHOAX86 fell outside this clade, along with other species of the Phyllosoma complex ( Figure 4B ).
DISCUSSION
The first cases of Chagas disease in Mexico were found in Oaxaca State 21 and several studies have been conducted in the state since that time. A seroepidemiological survey conducted in 1971 in 60 rural communities of the Pacific side of Oaxaca State showed high rates of human T. cruzi infection, particularly in three communities: Chila, Tataltepec, and Cerro del Aire with 76%, 58%, and 51%, respectively (all these communities belong to the Costa region, Figure 1 ) . 38 Further studies in the latter community showed that the infection caused significant electrocardiographic abnormalities in seropositive persons. 39 In other communities of the state 9.17% of anti-T. cruzi antibodies have been reported. 40 The Istmo de Tehuantepec is one of the more extensive regions in the state of Oaxaca where Chagas disease is endemic. 41 In a serological and clinical study carried out in this region on dilated cardiomyopathy patients, 81% of the analyzed samples presented anti-T. cruzi antibodies. 23 In addition, three triatomine species have been reported in the area: T. dimidiata , T. mazzottii , and T. phyllosoma . 22 However, the entomological characteristics of these vector populations have been only partially described. Knowledge of these characteristics is a crucial factor to implement vector control strategies.
In this study, five communities were analyzed in the Istmo de Tehuantepec. In three communities (Santa Maria Petapa, San Miguel Ecatepec, and Magdalena Tequisistlan), no insects were found. The absence of insects in peridomestic and domestic habitats in these communities could be explained for several reasons: 1) the use of pesticides for agricultural crops; 2) insects are only in nearby sylvatic areas where they can get food; 3) small population densities during collection periods. A better understanding of the role that these insects play in sylvatic areas and their relationship with the communities in this region is still necessary. In contrast, insects were collected in San Mateo del Mar and Tehuantepec City, which are close to the communities where no insects were found (~60 km away). This situation has also been found in other parts of Mexico; for example, Phyllosoma complex triatomine collected in villages in the eastern part of the country were not found in neighboring villages. 42 In this study, the only species found was T. phyllosoma . Several years ago, this species was reported in several areas close to the areas analyzed in this study. 22 We found nymphs and adults insects in the studied periods of the year in both communities with a higher abundance of adults and fifth-instar nymphs. There was no significant difference in the numbers of collected vectors between periods or between communities found. More studies are necessary in these communities to identify possible reproductive periods in which to apply control measures.
The habitat of this species of triatomine has been only partially studied in some areas and remains unknown in others. In this study, T. phyllosoma was found in two different habitats. In Tehuantepec City, insects were only collected outdoors, mainly associated with piles of stone and bricks and the inhabitants observed the insects indoors only rarely. Most houses were built from concrete, which does not provide a good habitat for insects; therefore, triatomines were only found in peridomestic areas. In contrast, in San Mateo del Mar, insects were collected indoors (in domestic areas) between the palm leaves of bedrooms. These insects were likely feeding on humans and hens that also slept in the bedrooms. The palm-leaf houses in San Mateo del Mar provide an excellent refuge for the insects, where they can be protected from predators and are close to feeding sources. Our data show that this species can survive successfully in domestic and peridomestic habitats. In addition, our data suggest that the improvement of traditional dwellings and the implementation of pens for domestic animals could be effective against T. phyllosoma domestic infestation in this region, particularly because chickens, cats, dogs, and other animals often live together with the human population inside the houses. The location of houses could also be important because the houses with insects were located only on the periphery of the communities. Furthermore, the growth of human populations and the invasion of wild areas have destroyed the natural habitats of many insects, prompting them to colonize the dwellings built by poor people.
In this work, high colonization indices for T. phyllosoma were observed in the two communities. This result is in contrast with the early reported domiciliary indices for the same species in Oaxaca, 22 indicating that this species has been successful in colonizing this region. In general, the percentage of T. cruzi infection in Tehuantepec City was higher than that reported before for different triatomine species in Oaxaca (values ranging from 4.1% to 9.1%) 43 and also for domiciliary T. phyllosoma in Oaxaca (27.2%). 22 In Mexico, few feeding source studies have been carried out on triatomine. Two studies of T. longipennis showed different feeding sources in peridomestic habitats in two communities of Jalisco. 19, 20 However, ours is the first report on feeding sources of T. phyllosoma , a species with a restricted distribution that has only been described in Oaxaca State. 2 In Tehuantepec City, where higher percentages of infection with T. cruzi were observed, dogs were the principal feeding source of triatomine. It had been reported that T. infestans that fed on humans, dogs, or guinea pigs had high rates of T. cruzi infection. 16 In Tehuantepec City, dogs and cats are the principal pets and they usually remain on patios where insects can easily feed on them. The presence of infected bugs that feed on dogs and other pets represents a risk factor for transmission of the parasite to humans in this community.
According to our observations, the principal feeding source in San Mateo del Mar was hens, followed by humans. In addition, multiple feeding sources were observed. Our results are in accordance with other studies of feeding sources showing that domestic insects often feed on multiple hosts. 44 For example, Panstrongylus lutzi was found to show a feeding preference for hens, rodents, humans, cats, and dogs, among others. 29 Several studies of triatomine feeding sources have found that in areas where the insects feed on hens, there is a reduction in the prevalence of T. cruzi and in its clinical manifestation in humans. 45, 46 In addition, it has been demonstrated that birds are the only animals that do not get infected with the parasite. 47, 48 Human blood was the second most prevalent feeding source in San Mateo del Mar, indicating the close relationship between insects and humans and the potential for T. cruzi transmission. The diversity of feeding sources observed for T. phyllosoma shows their ability to feed on any animal that could increase their success in adapting to a certain habitat. Similar studies in other areas are necessary to assess the principal feeding sources and potential reservoirs that maintain T. cruzi infection in triatomine in Mexico.
Triatoma phyllosoma is a member of the Phyllosoma complex, this is a group of species endemic to Mexico that has recently been analyzed with several genetic markers. 7, 8, 31, [49] [50] [51] In this work, we used ITS-2 and CytB for the identification of both nymphs and adults. In our analysis, all individuals were assigned to the T. phyllosoma clade. The intraspecific variation in ITS-2 observed between the two populations (San Mateo del Mar and Tehuantepec City) was < 1%, which is in accordance with previously described levels of variation in this marker. 8 In the case of CytB, the variation was < 2%. Phylogenetic trees were also constructed with both markers. For the CytB tree, all sequences analyzed fell within the T. phyllosoma clade; for the tree obtained with ITS-2, T. mazzottii was included in the T. phyllosoma clade, along with the sequences analyzed in this study. The possibility exists that this T. mazzottii individual was erroneously classified, however hybridization between sympatric species has been demonstrated recently by our group and these could be the case for the results observed with the ITS-2 analysis. 49 Introgression can result from hybridization but in this case more experiments must be conducted to clarify this point. This contradictory result points out the importance of reviewing the validity of the taxonomic level of the species between the individuals of this complex; this discussion has been previously initiated. 8, 51 It also made clear the need for other markers that help to understand the relationship between these species. These data indicate that little variation exists among the T. phyllosoma populations from Tehuantepec City and San Mateo del Mar, which could be caused by the proximity of the communities. Another important contribution of this work was the use of molecular markers in the identification of species in the nymph state. Molecular identification of nymphs shows that T. phyllosoma is the only vector associated with the transmission of T. cruzi in these two communities. This method of nymphs identification will help to differentiate between multiple species in sympatric areas and to identify the species with epidemiological importance. 15, 49 Control programs for this local species can be carried out easily than in other regions where more than one species are present .
In conclusion, Mexico has a great diversity of triatomines and studies focused on understanding their biology, distribution, habitats, and relationship with human dwellings are necessary to establish vector control measures and decrease domestic transmission of T. cruzi. The results presented here will help to reach this goal.
